I. INTRODUCTION
Battery Electric Ve hicles (BEV) are much more en ergy efficient than Internal Combustion Engine Ve hicles (ICEV). BEV's and ICEV's powertrain efficiency are about 70% and 20% respectively but this difference can significantly decrease when considering primary energy efficiency [1] . For this reason, every element in the en ergy conversion chain should be optimized: from power generation and distribution to vehicle energy use.
The battery is probably the most sensitive element in the BEV powertrain system because of its cost and lifespan. Lithium-ion is nowadays the main technology for traction batteries because of its higher energy density and energy efficiency compared to previous existing technologies [2] . Lithium-ion technology has many other advantages over preceding technologies, for example: coulombic efficiency (CE) of NiMH is about 90% [3] , but in lithium-ion batteries CE is at least 99.9% [4] . Finally, memory effect exists in NiMH and lead-acid cells [5, 6] but not in lithium-ion cells. Although voltage hysteresis exists in LFP cells [7] , this phenomenon does not cause a significant capacity reduction.
Ageing mechanisms are responsible of performance degradation of batteries: decrease of the amount of storable energy (capacity fade) and power availability (impedance increase). Depending on ageing path and 978-1-5386-1692-5/17/$31.00 ©2017 European Union battery composition, each ageing mechanism may act in a different magnitude. Hence, there is not always a direct correlation between impedance increase and capacity fade [8] [9] [10] .
On one hand, previous works on lithium-ion ageing dealt with modelling capacity fade [11], impedance rise [8] or both: capacity and impedance degradation [12] . On the other hand, some authors dealt with energy efficiency on NiMH or lithium ion cells [3, 13, 14] and its de pendence of current rate. But energy efficiency evolution throughout battery's lifespan is not often studied.
Within SIMCAL project, a performance comparison over calendar ageing was made [15] : in that work, capa city, impedance and also average cycle energy efficiency were analyzed.
Battery energy efficiency is often considered in the design phase of vehicles, for example for battery sizing. This characteristic is age dependent: it will degrade over time like other characteristics (capacity, impedance, etc.). Energy efficiency varies over state of charge (SoC), thus the battery use should be optimized to operate in highest efficient SoC levels. Consequently, for a better consideration, energy efficiency degradation over time must be taken into account. In this work we propose to study the energy efficiency characterization over SoC and its evolution during calendar ageing tests.
II. EXPERIMENTAL
In the SIMCAL project, more than a hundred lithium ion cells from different manufacturers and positive elec trode compositions were tested in calendar ageing [16] . The calendar ageing tests consisted in a full test matrix with three different temperatures (T = 30, 45 and 60° C) and three different state-of-charge levels (SoC = 30, 65 and 100%) i.e. a full factorial design 32 (2 factors, 3 levels per factor). Lithium-ion manufacturers recommend not to use this technology over 60° C, thus this is the high limit of temperature for ageing tests. Higher temperatures can induce thermal runaway even in rest conditions [17] .
Three cells were tested at each test condition for each lithium-ion technology in order to improve the representativeness of results. Two technogies were tested: NMC cells are from Kokam (SLPB 70205130P, 12Ah pouch cells), whereas LFP cells are from Al23 (ANR26650M1A, 2.3Ah, cylindrical cells).
The cells' characteristics were periodically measured at 25° C by the mean of RPT (Reference Performance Test). RPT's (figure 1) are composed in 4 phases: (A) a full discharge to measure the remaining charge in the cell, (B) two full-charge/full-discharge cycles to measure the cell capacity, (C) a partial-discharge/partial-charge cycle with cell im pedance measurements at 5 SoC levels, (D) a full charge followed by a partial discharge to restore the SoC to a value in agreement with the ageing test conditions.
III. METHODOLOGY
Energy efficiency can be measured by several ways. The most common one consists in calculate the whole cycle efficiency of a full-charge/full-discharge cycle. For example, ISO standard tests [18] attempt to characterize energy efficiency in this way.
US-DOE method [19] is based on the performance of 100 charge balanced power profiles at specified SoCs. Any variation in the SoC of the batteries under test enables to estimate the energy efficiency at this specified Soc. The main disadvantages of this method are the test 
.,- duration and the difficulty to avoid excessive SoC drift during the tests.
Kang et al. [13] proposed a method to measure energy efficiency of battery cells under constant current (CC) charges or discharges. This method lies on the definition of the net energy of a cell as a function of OCV (open circuit voltage) and Soc. Firstly, OCV must be characterized by a pseudo-OCV or an incremental-OCV approach [20] . Once OCV as a function of SoC is known, net energy is easily obtained by integration of current OCV product ( i . OCV) whereas charge and discharge energy are obtained by integration of ( i . Uchar ge ) and ( i . Udischar ge ) respectively. Finally, charge (discharge) energy efficiency is the relation between charge (dis charge) energy and net energy [13, 14] .
RPT design in SIMCAL project was originally inten ded for measuring capacity and impedance, not for en ergy efficiency. In this work we analyze energy efficiency in a similar way to [13] . Unlike Kang's method we do not attempt to separate charge and discharge efficiencies because SIMCAL RPTs do not offer a reliable measure for OCV (absence of pseudo-OCV phase).
The base equations for cell power and SoC are (1) and (2) respectively. Note that SoC is reported to initial capacity (Qo) instead current capacity (Q) to be able to compare the SoC during ageing.
For each RPT, the power efficiency of last discharge charge cycle (figure 1, h to t 4) is calculated. From h to t 2 battery is discharged at CC 1 C, from t 2 to t 3 battery is in rest condition and from t 3 to t 4 battery is charged with CC IC (figure 2). Obviously, full charge is not reached during CC charges and a subsequent CV (constant voltage) phase is performed from t 4 to t 5 to ensure full charging of the cell.
We will only consider CC phases for energy efficiency (t l to t 4), there are three different periods (a), (b) and (c):
(a) for t l < t < t 2 (discharge) (b) for t 2 < t < t 3 (rest) (c) for t 3 < t < t 4 (charge)
Consequently, the base equations (1) and (2) during these three periods (a), (b) and (c) become respectively (3) and (4).
As a convention in equation (4), we consider SoC = 0% during rest phase (b) independently of capacity loss (QL). Note that in this equation, SoC is related to initial capacity (Qo), thus the maximum SoC at the end of CV charge drifts from 100% in fresh cells to 100· (1 -QL/QO)% in aged cells.
Average energy efficiency over charge/discharge cycles is typically computed with equation (5) as in [15] . This quantity gives us an important information about energy efficiency when batteries are used over the whole SoC domain:
In many applications such electrical vehicles (EV) and hybrid electrical vehicles (HEV), batteries are often used in a partial SoC zone. As SoC is an important factor of battery ageing, energy efficiency characterisation as a function of SoC is necessary. This would help to determ ine the best SoC zone to operate in optimal conditions of energy efficiency and minimal ageing. Equation (6) expresses efficiency as a function of SoC:
We need to express the power as a function of SoC. From equation (4) , SoC relation with time (SoC(t) is linear during CC charges and discharges. A change of variable is easily operable in (3), giving the expression (7):
By substituting (7) in (6), we obtain the expression of power efficiency as a function of SoC at a given current rate (8):
Equation (8) is an approximation to power efficiency as the ratio between Udischar ge and Uchar ge . This equation is valid for applications such battery pack dimensioning or battery technology benchmarking. For a fine estim ation of energy losses, other models are more suitable like, for example equivalent circuit models.
IV. RESULTS
In this work we have considered two different lithium ion technologies: NMC and LFP. NMC batteries have several advantages compared to LFP, mainly they have a higher energy density (125 and 106 kWh/kg respectively for the tested cells). However, LFP batteries are good candidates for long life and high current rate applications. Figure 3 shows charge and discharge curves of these two cell types and efficiency calculated by eq. (8), obtained from the first RPT. Efficiency of NMC cells is monotonically increasing with SoC, in contrary LFP cells' efficiency decreases rapidly in the extremities (0 and 100% SoC). LFP efficiency has also a local minimum at 30% Soc. Figure 4 (a) shows the energy efficiency versus SoC for a NMC cell during ageing at 60° C and 100% SoC. At the begining of the ageing test mean efficiency was 96%, but after 190 days the mean efficiency went down 87% and the capacity loss reached 37%.
Ageing tests were carried on LFP cells during 378 days, end of life was achieved in 337 days (figure 5). Despite of capacity loss, efficiency was almost constant during the ageing tests: initial efficiency was 95% and decreased only 1 % (to 94%) at end of life.
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3. 81�i!E5��� �; ;;�;� � For the NMC cell, efficiency at ,6.Q20, ,6.Q40 and , 6 .Q60 decrease at the same rate than average efficiency until 30% of capacity loss (figure 4(b». From 30% of capacity loss, efficiency rate of decrease at ,6.Q60 accel erates because at this ageing state ,6.Q60 is equivalent to a very low SoC (less than 10%).
LFP efficiency evolution during ageing has a very characteristic behaviour: at the beginning of life, despite of the cell ageing, efficiency at lower ,6.Qs seems to increase instead to decrease ( figure 5(b) , ,6.Q20 and ,6.Q40). ,6.Q60 efficiency decreases at a quite constant rate until 18% of capacity loss, then efficiency stops decreas ing from 18 to 25 % of Q L. Finally the rate of decrease accelerates at end of life for the same reason than in NMC.
,6.Q40's efficiency decreases rapidly from QL = 15 to 29% and then efficiency seems to stop falling and becomes similar to ,6.Q20 in the last point.
The accelerations and decelerations in the decreasing rate lie on the particular characteristic of efficiency over SoC. Figure 6 is a zoom of figure 5(a) 
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f:E 0.95 understand the variation of efficiency in figure 5(b) . In fresh cells, efficiency has a 'hill' at SoC 15, a 'valley' at about SoC30 and a 'plateau' from SoC40 to SoC90. During cell ageing, the local maximum ('hill') and the local minimum ('valley') seem to be almost immobile but the plateau contracts.
Because of the SoC drift of constant ,6.Q paths, con stant ,6.Q efficiencies 'fall' into this valley successively ( figure 6 ). ,6.Q60 starts at SoC40 and reaches the local minimum in 73 days (Q L = 10%), then it moves up to the local maximum until QL = 25%. From QL = 18 to 25% ,6.Q60 efficiency stops decreasing because in one side SoC drifts from the 'valley' to the 'hill' and in the other side the whole efficiency curve moves down.
Finally, from Q L = 25%, ,6.Q60 efficiency decreases rapidly because both, the whole efficiency curve moves down and the SoC drifts from the 'hill' to SoCO. For ,6.Q40 the local minimum is reached in 294 days (capacity loss = 29%), then the efficiency stops falling and becomes similar to ,6.Q20 in the last point. At this point, ,6.Q40 path is leaving the valley while ,6.Q20 path is reaching the valley.
When comparing LFP and NMC cells (figure 7), we realise that NMC's efficiency is higher than LFP's one but only in fresh batteries. Efficiency rate of decrease is much faster in NMC than in LFP. At end of life, energy efficiency is about 94% in LFP but less than 90% in NMC.
In some applications such VEH, battery is used in a relatively narrow window of SoC. The SoC window may be chosen to optimise energy efficency or lifetime. In NMC cells, the best efficiency is achieved at the highest SoC levels that induce a higher degradation: a compromise must be found between efficiency and lifetime.
On the other side, in LFP cells highest SoC levels (>90%) must be avoided for both efficiency and lifetime reasons. This can be seen as an advantage of LFP over NMC: the best choice of SoC minimises both degradation and energy losses.
In conclusion, fresh cell characteristics such energy density or efficiency give us important but insufficient information and can lead to wrong decisions. When evaluating cell ageing, characteristics may degrade at different rates. In this study case, NMC cells have a faster degradation in terms of energy (capacity loss) and efficiency than LFP cells. Efficiency of LFP cells does not decrease significantly: from 95% to 94% throughout the lifetime.
VI. CONCLUSIONS
In one hand, energy efficiency of batteries is usually considered in the design phase of electric vehicles. On the other hand, capacity fade (sometimes also impedance rise) throughout the lifetime is often evaluated by the means of accelerated ageing tests. Nevertheless, energy efficiency evolution over lifespan is not often considered.
In this work we intended to evaluate energy effi ciency degradation in accelerated calendar ageing for two lithium-ion technologies at 60° C and 100% SoC. SIMCAL project which was not originally designed for measuring energy efficiency but energy efficiency can be calculated as the ratio between voltage during constant current charges and discharges.
Constant current phases of full charge/discharge cycles allowed us to build the characteristic curves of power efficiency over SoC at each state of ageing for two lithium-ion technologies: NMC and LFP. Characteristic curves reveal the best SoC regions to operate in terms of efficiency. LFP showed a particular behaviour with a local minimum of efficiency at SoC30.
Energy efficiency analysis within battery ageing offers a more global scope than capacitylimpedance model ling. Further work will consist in completely character ise energy efficiency degradation under different ageing conditions. After completely characterising, an energy efficiency ageing model could be developed. This work can represent a decisional tool to help in the design process of electric vehicles.
